Transient Receptor Potential (TRP) channels form a superfamily of ubiquitously expressed and functionally diverse cation permeable channels[@b1][@b2]. TRP channels function as cellular sensors that play key roles in various sensory and homeostasic processes in mammals, such as somatosensation, taste, cardiovascular function, cation (re)absorption and glucose homeostasis[@b1][@b2][@b3][@b4][@b5]. In contrast to the large body of research that has been conducted unraveling activation mechanisms and (patho)physiological functions of TRP, very little is known about the cellular trafficking mechanisms that determine TRP channel abundance at the plasma membrane, and the actual process of TRP channel incorporation into the plasma membrane has not yet been visualized[@b6][@b7][@b8]. Nevertheless, dynamic changes in the availability of TRP channels at the plasma membrane have been put forward as potentially important regulatory mechanisms of TRP channel function *in vivo*[@b9][@b10][@b11][@b12][@b13].

By creating an evanescent wave whose intensity decays exponentially with distance from the glass coverslip, Total Internal Reflection Fluorescence (TIRF) microscopy allows selective visualisation of fluorophores within \~100--200 nm from the plasma membrane[@b14][@b15][@b16]. Whereas some earlier studies have used TIRF microscopy to describe near-membrane TRP channel trafficking[@b9][@b11][@b13][@b17], detailed visualization of the process of TRP channel incorporation and lateral diffusion at the plasma membrane is lacking. Interestingly, the evanescent wave can also be used to selectively bleach fluorophores in close proximity of the glass coverslip and follow their recovery, a technique called TIR-FRAP. TIR-FRAP enables visualization of only the incoming fluorescence after bleaching of all resident fluorescence from the membrane and near-membrane zone, which allows unparalleled clarity of near-membrane trafficking events[@b18][@b19].

Here, we applied for the first time TIR-FRAP for quantitative investigation of TRP channel dynamics at the plasma membrane. We focused on two TRP channels, TRPM4, and TRPV2, for which earlier research suggested that membrane trafficking represents an important regulatory mechanism. Membrane incorporation and endocytosis of TRPM4 has been put forward as a major regulatory mechanism in pancreatic β−cells[@b10], vascular smooth muscle cells[@b20] and human Purkinje fibers[@b21]. Rapid membrane incorporation in response to chemical and mechanical stimuli was reported to act as a key regulator of TRPV2 functionality in various cell types[@b22][@b23]. Our present results indicate distinct modes of TRP channel turnover at the plasma membrane of HEK293 cells, and provide the first details of the membrane incorporation and lateral diffusion of these TRP channels.

Results
=======

Visualization of TRPV2 and TRPM4 at the plasma membrane
-------------------------------------------------------

To monitor the perimembrane dynamics of TRPV2 and TRPM4, we coupled GFP at their C termini and expressed the constructs in HEK293 cells. Visualization using TIRF microscopy, using an evanescent field declining e-fold in 80 nm ([Fig. 1a](#f1){ref-type="fig"} top) revealed extensive perimembrane fluorescence in both TRPV2 and TRPM4 transfected cells (pre-bleach panels in [Figs. 1b,c](#f1){ref-type="fig"} and [2a,b](#f2){ref-type="fig"}; [Supplementary Figure S1](#s1){ref-type="supplementary-material"}). At various time points after transfection, TRPV2-GFP was consistently observed as static fluorescence that evenly covered the entire footprint of the cell at the glass coverslip ([Supplementary movie S1; Supplementary Figure S1](#s1){ref-type="supplementary-material"}). In the case of TRPM4-GFP, a similar homogenous distribution was found, but, additionally, highly motile punctate structures were regularly observed ([Supplementary movie S2; Supplementary Figure S1](#s1){ref-type="supplementary-material"}), in line with an earlier report[@b20]. For both channels, the extensive perimembrane staining observed using TIRF microscopy prevented a detailed analysis of TRP channel dynamics and turnover at the membrane.

We therefore used TIR-FRAP ([Fig. 1a](#f1){ref-type="fig"}) to selectively monitor the kinetics of repopulation of the membrane and of the subcellular structures involved. Comparison of the total fluorescence intensity before and after the high-intensity TIR illumination step revealed that TRPV2-GFP fluorescence detected in the TIRF mode was almost completely annihilated, whereas TRPV2-GFP fluorescence measured using in epifluorescence excitation was reduced by only approximately 40% ([Fig. 1b,d](#f1){ref-type="fig"}). Similar results were obtained for TRPM4-GFP ([Fig. 1c,e](#f1){ref-type="fig"}). These results demonstrate that the high-intensity TIR illumination step was effective in bleaching a restricted part of the cells close to the glass coverslip, while leaving fluorescence in the remaining of the cell largely intact.

TIR-FRAP reveals distinct modes of TRP channel recovery
-------------------------------------------------------

Following the bleaching step, we first analyzed the recovery of global GFP fluorescence in the TIRF field as an index of the rate of movement of the TRP channels from non-bleached parts of the cell towards the bleached perimembrane area ([Fig. 2](#f2){ref-type="fig"}). In the case of TRPV2-GFP, recovery of global fluorescence in the TIRF field could be well described using a single exponential time constant (τ) 88.75 ± 4.9 s, reaching a maximal recovery of 45 ± 5% ([Fig. 2c](#f2){ref-type="fig"}). Global TRPM4-GFP recovered faster (τ = 33.3 ± 2.7 s) to 48 ± 8% of the normalized pre-bleach fluorescence ([Fig. 2d](#f2){ref-type="fig"}).

Although the extent of recovery was similar for both TRP channels, we observed clear differences in the pattern of fluorescence recovery. In particular, recovery of TRPV2-GFP appeared to occur from the sides towards the center, whereas recovery of TRPM4-GFP fluorescence appeared more homogenous over the entire footprint of the cell. To analyze this difference in more detail, we measured fluorescence recovery in twenty concentric and equally spaced bands covering the cell footprint from center to the periphery (band 1 being at the center and 20 being just beyond the outside rim of the foot print) ([Fig. 3a](#f3){ref-type="fig"}). [Fig. 3b,d](#f3){ref-type="fig"} show representative time courses of normalized fluorescence recovery in band 2 and 18 for TRPV2-GFP and TRPM4-GFP, respectively, together with the recovery time course of the entire footprint. Whereas for TRPM4 the three time courses overlap, the recovery of TRPV2 in the central parts of the footprint clearly lagged behind that at the border. This was quantified by determining the exponential time constants of the fluorescence recovery in the different bands, showing increasing values towards the center of the cell for TRPV2 ([Fig. 3c](#f3){ref-type="fig"}) but not for TRPM4 ([Fig. 3e](#f3){ref-type="fig"}).

The fluorescence recovery pattern of TRPV2-GFP is consistent with a process of recovery where channels located in the plasma membrane outside the bleached areas slide into the footprint via lateral diffusion. Assuming that bleach intensity is uniform over the footprint of the cell, that fluorescence recovery occurs exclusively by lateral diffusion from non-bleached areas of the plasma membrane (i.e. the side and upper part of the plasma membrane, beyond the evanescent wave), and that the bleached area is circular, then the diffusion coefficient *D* can be estimated from the recovery time constant for the center of the cell according to: where *a* is the radius of the bleached area[@b24][@b25]. To reduce errors due to the fact that the bleached area was never a perfect circle, we restricted our analysis to cells with a semi-circular footprint (circularity \>0.6). This analysis yielded a mean diffusion coefficient for TRPV2-GFP (*D~TRPV2~*) of 0.30 ± 0.04 μm^2^/s (n = 8).

Full fusion of TRPM4-carrying vesicles
--------------------------------------

In contrast to TRPV2, the time constants for recovery of TRPM4-GFP fluorescence were relatively constant in the different bands, suggesting that recovery mainly occurs from inside the cell towards the plasma membrane rather than through lateral diffusion. Indeed, when resident fluorescence from the membrane and sub-membrane zone was absent because of the high-intensity TIR illumination step, we observed abundant punctate structures that approached the plasma membrane and subsequently fused with the membrane ([Supplementary movies S3 and S4](#s1){ref-type="supplementary-material"}).

[Fig. 4a](#f4){ref-type="fig"} shows successive frames of a small subregion of the footprint of a TRPM4-GFP-expressing cell, zooming in on an area where a single vesicle appears and fuses with the plasma membrane. Subtraction of average images before appearance of the vesicle allowed visualization of the fusion event in isolation ([Fig. 4b,c](#f4){ref-type="fig"}; [Supplementary movie S5](#s1){ref-type="supplementary-material"}). Four distinct stages could be identified: (1) vesicle approach, observed as the appearance of punctate fluorescent spot that gradually increases in intensity as it progresses in the evanescent field; (2) vesicle lingering, observed as a period of static fluorescence of the punctate spot; (3) vesicle fusion, observed as a sudden rapid increase in fluorescence immediately followed by (4) a rapid spreading of the fluorescence due to lateral spread of the TRPM4-GFP molecules in the plasma membrane.

Based on the point spread function determined from the fluorescence signal of beads with known diameter, we calculated the radius (*r~v~*) of isolated fusing vesicles, yielding a mean value of 96 ± 3 nm (n = 15). Moreover, taking into account the decay length constant of the evanescent wave and assuming that the entire vesicle membrane becomes aligned in the *z*-direction with the plasma membrane following fusion ([Fig. 4d](#f4){ref-type="fig"}), we derived the following mathematical relation between the fluorescence intensity contributed by a single vesicle (*I*) with its edge at a distance *z~v~* from the plasma membrane during vesicle approach and lingering: where *d* is the decay constant of the evanescent wave (80 nm) and *I~max~* the maximal fluorescence following full fusion (see methods for derivation of [equation 2](#m2){ref-type="disp-formula"}). Based on [equation 2](#m2){ref-type="disp-formula"} we calculated *z~v~* in function of time for multiple clearly resolvable fusion events ([Fig. 4e](#f4){ref-type="fig"}). This analysis yielded that TRPM4-GFP-containing vesicles approach the plasma membrane from inside the cell with a speed in the *z*-direction of 275 ± 25 nm/s (n = 15), and linger during 7.6 ± 1.2 s at a distance of *z~v~* = 27 ± 5 nm from the membrane before fusion.

To analyze the speed of lateral TRPM4 diffusion in the plasma membrane following fusion, we determined the two-dimensional root-mean-square (*rms*) displacement of TRPM4-GFP fluorescence from the site of fusion ([Fig. 4f](#f4){ref-type="fig"}). The time course of the increase in *rms* (Δ*rms*) in function of time post fusion was fitted to the two-dimensional diffusion function: yielding a value for *D~TRPM4~* of 0.102 ± 0.014 μm^2^/s (n = 15). Note that this value is 5-fold higher than previously determined for TRPM4[@b20]. This may reflect that this previous study used confocal FRAP, and thus measured both plasma membrane and intracellular TRPM4, whereas our analysis uniquely reflects the spread of TRPM4 in the plasma membrane following fusion.

Discussion
==========

In this study, we have used TIR-FRAP to visualize the perimembrane movement of TRPM4 and TRPV2 upon expression in HEK293 cells. Our results indicate that these channels exhibit quite different dynamics in the TIRF field. Within the seconds-to-minutes time scale of our experiments, we were unable to detect vesicular transport of TRPV2 toward the membrane, and the fluorescence recovery pattern could be fully explained by lateral diffusion within the plasma membrane from non-bleached plasma membrane areas outside the TIRF field. Even when assessed at different time points between 4 and 48 hours after transfection, TRPV2 fluorescence evenly covered the entire footprint of the cell, and clear vesicular structures or fusion events were never observed. These results suggest that incorporation of TRPV2 in the plasma membrane occurs via vesicular structures that are too small or too rare to be clearly resolved under our experimental conditions. In contrast, we consistently observed active constitutive transport and membrane fusion of TRPM4-containing vesicles. Overall, these results point towards an important qualitative difference in the processes that underlie incorporation of TRPM4 and TRPV2 in the plasma membrane.

Although TIRF microscopy has been used before to demonstrate vesicular movement of TRPM8, TRPC5 and TRPV5 towards the membrane[@b9][@b11][@b17], full fusion of vesicles containing these channels has never been observed. Instead, it was proposed that vesicles containing TRPM8, TRPC5 and TRPV5 interact with the plasma membrane through a process termed "kiss and linger", in which these channels access the extracellular medium via a reversible fusion pore but remain trapped within the non-collapsed vesicle[@b11][@b17]. Our results with TRPM4 show for the first time the full fusion of TRP channel-containing vesicles, followed by rapid lateral spreading of the channels within the plasma membrane. Since background membrane fluorescence was low thanks to the preceding TIR-FRAP bleaching, we were able resolve and quantify in detail the approach, lingering and fusion of these vesicles, which had a typical diameter of \~200 nm.

TRPM4-containing vesicles approached the plasma membrane at a maximal speed of \~275 nm/s, a value in between published approach velocities for large dense-core vesicles in chromaffin cells (\~140 nm/s)[@b26] or smaller synaptic vesicles (\~800 nm/s) at neuronal synapses[@b27], and are in the expected range for vesicle transport along microtubular tracts. Before fusion, the TRPM4-containing vesicles lingered for on average 7.6 seconds at an estimated distance of \~25 nm from the membrane. This distance was estimated based on the assumption that the plasma membrane where the vesicle fuses remains fully flat during the entire fusion process, and may thus represent a slight overestimation of the actual minimal distance between vesicle and plasma membrane. We therefore speculate that the lingering period represents the process of vesicle docking/tethering at the membrane and the formation of fusion complexes before actual vesicle fusion[@b28].

The diffusion coefficients we obtained for TRPM4 and TRPV2 in the plasma membrane are comparable to those obtained for other mobile membrane channels such as K~V~2.1 (0.06 μm^2^/s)[@b29] and extrasynaptic AMPA receptors (0.45 μm^2^/s)[@b30] or for rhodopsin in rod membranes (0.4 μm^2^/s)[@b31], but several others of magnitude higher than those obtained for membrane proteins whose lateral movement is restricted, such as synaptic AMPA receptors (\<0.007 μm^2^/s)[@b30] or immobile GABA receptors (0.0003 μm^2^/s)[@b32]. This suggests that, at least in HEK293 cells, TRPV2 and TRPM4 have high lateral mobility and distribute evenly in the plasma membrane[@b33].

Overall, our study demonstrates the usefulness of TIR-FRAP to visualize and quantify the perimembrane dynamics and turnover of TRP channels. Our results reveal that, on a seconds to minutes time scale, TRPM4 and TRPV2 exhibit fundamentally different dynamics. Most importantly, we show that, in contrast to the "kiss and linger" process previously described for vesicles transporting TRPM8, TRPC5 and TRPV5, TRPM4-carrying vesicles undergo full fusion. Since altered channel trafficking has been put forward as a main mechanism underlying cardiac conduction diseases in patients with mutations in the TRPM4 gene[@b21][@b34], this work may represent an interesting paradigm for further research on the molecular and cellular basis of these diseases.

Methods
=======

HEK293 cell culture
-------------------

Human embryonic kidney cells (HEK293) were grown in Dulbecco\'s modified Eagle\'s medium (DMEM) that contained 10% (v/v) human serum, 2 mM L-glutamine, 2 units/ml penicillin and 2 mg/ml streptomycin (Invitrogen) at 37°C in a humidity-controlled incubator with 10% CO~2~. HEK293 cells were transiently transfected with cDNA encoding TRPM4-GFP (in the pCAGGSM2 vector) or TRPV2-GFP (in the pCiNeo vector) using Mirus 293 Transfection Reagent (Mirus Corporation, Madison, USA). For most experiments, cells were kept in the transfection medium for 4 h, and subsequently reseeded on poly-L-lysine-coated 25-mm glass coverslips with thickness of 0.16--0,19 mm (Gerhard Menzel GmbH, Germany). Thereafter, cells were kept under the same culture conditions for an additional 12 h, allowing optimal attachment of the cells to the glass coverslip, and resulting in a total of 16 h between transfection and TIRF measurement. For the experiments shown in [Supplementary Figure S1](#s1){ref-type="supplementary-material"}, incubation times were adjusted, such that measurements were made after between 4 and 72 hours of total transfection time.

TIRF Microscopy
---------------

Experiments were performed at 25°C and using an extracellular solution that contained (in mM): 150 NaCl, 6 KCl, 2 MgCl~2~, 2 CaCl~2~, 10 HEPES (pH 7.4). We used a through-the-lens TIRF system that was built around an inverted Zeiss Axio Observer.Z1 microscope equipped with a 100× oil objective with numerical aperture of 1.45 and a Hamamatsu Orca-R^2^ camera. Fluorescence excitation was performed using a 488-nm laser at 2% of its maximal power, with an incident angle of 68°, resulting in an evanescent wave with an expected decay length constant of 80 nm. For epifluorescence images, the incident angle was changed to 0°. Time series of images at 750-ms or 1600-ms intervals were recorded. The bleaching protocol consisted of 50 exposure sequences with the 488-nm laser set at 100% of its maximal power. Constant focus was guaranteed by use of the Zeiss Definite Focus module.

Data analysis
-------------

Microscopy images were analyzed using home-written routines in ImageJ. Further data analysis was performed using Origin 8 (OriginLab Corporation, USA). Group data are shown as mean ± s.e.m. Fluorescence recovery time courses were corrected for ongoing bleaching, where the frame-to-frame bleaching rate was determined before the high-intensity TIR illumination step and assumed to be constant.

To obtain [equation 2](#m2){ref-type="disp-formula"}, we assumed spherical vesicles with a uniform density of fluorescent molecules in their membranes. The fluorescent signal per surface area (*F*) decays in the *z* direction according to where *F~max~* is the fluorescence per surface area at z = 0. Upon full collapse with a flat plasma membrane, the fluorescent signal of a single vesicle reaches a maximum given by: Before fusion, the total fluorescent signal of a vesicle in the decaying evanescent wave can be obtained by integrating F over the surface of the vesicle, which is given by: where the integration variable γ is the angular distance from the vesicle pole closest to the membrane. Dividing the result of [equation 6](#m6){ref-type="disp-formula"} by [equation 5](#m5){ref-type="disp-formula"} yields: which, upon isolation of *z~v~*, yields [equation 2](#m2){ref-type="disp-formula"}.
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![Scheme of the TIR-FRAP experiment.\
(a) Low intensity (2% of maximal laser power) TIRF illumination was applied during both the pre-bleach (top) and post-bleach-recovery phase (bottom). During the bleaching phase, the TIRF angle was maintained, but laser power was increased to 100%. (b,c) Epifluorescence and TIRF micrographs of TRPV2-GFP and TRPM4-GFP transfected in HEK293 cells before and immediately following bleaching. (d,e) Fluorescence intensities in epifluorescence and TIRF normalized to the respective pre-bleach intensities.](srep07111-f1){#f1}

![Global fluorescence recovery in TIR-FRAP.\
(a,b) Brightfield (left) and TIRF micrographs at the indicate time points of HEK293 cells expressing TRPV2-GFP and TRPM4-GFP. The red squares depict the regions shown in movies 1 and 2. Arrows indicate incoming and subsequently fusing TRPM4-GFP-containing vesicles. (c,d) Average time course of normalized fluorescence during TIR-FRAP experiments for TRPV2-GFP and TRPM4-GFP. Time 0 corresponds to the start of the post-bleach recovery.](srep07111-f2){#f2}

![Spatio-temporal analysis of post-bleach recovery.\
(a) TIRF micrograph showing the footprint of a TRPM4-GFP-expressing cell. Superimposed are bands 2 and 18 of the 20 concentric, equally shaped and equidistant bands that were used to analyze the spatio-temporal aspects of fluorescence recovery. (b) Normalized TRPV2-GFP fluorescence following bleaching in a central and peripheral band, along with the global fluorescence of the entire footprint. (c) Exponential time constants for the recovery of fluorescence in the different bands. (d,e) Same as (b,c) but for cells expressing TRPM4-GFP.](srep07111-f3){#f3}

![Full fusion of TRPM4-containing vesicles.\
(a) Successive 1.2 μm×1.2 μm frames at 750-ms interval of a fusion event of a TRPM4-GFP carrying vesicle. (b) Same as (a), but after subtraction of frame 0. (c) Time course of background-subtracted fluorescence. (d) Cartoon showing a fluorescent vesicle within the evanescent wave, and after full collapse with the plasma membrane. (e) Time course of *z~v~* showing vesicle approach and lingering before fusion. Red dotted line represents a linear fit, yielding a speed in the *z*-direction of 207 nm/s. (f) Increase in *rms* after fusion. Red dotted trace represents a fit of [equation 3](#m3){ref-type="disp-formula"}, yielding D = 0.078 μm^2^/s. Analyses in (c--f) are all for the fusion example shown in (a,b).](srep07111-f4){#f4}
